Immunization with the whole-cell pertussis vaccine (Pw), while effective at preventing whooping cough in infants, has been associated with local, systemic, and neuronal reactions, including fevers and convulsions in children. In contrast, the new acellular pertussis vaccines (Pa) have a considerably improved safety profile. The lack of an appropriate animal model has restricted investigations into the mechanisms by which neurological reactions are induced by vaccination. Here we describe a novel murine model wherein seizure-like behavioral changes are induced following parenteral administration of Pw. The proinflammatory cytokine interleukin-␤ (IL-1␤), production of which has been associated with many neurodegenerative conditions, was significantly increased in the hippocampus and hypothalamus of vaccinated animals. Accompanying this change was a decrease in release of the inhibitory neurotransmitters ␥-aminobutyric acid and adenosine in the hippocampus. Seizure-like behavioral changes were significantly reduced following inhibition of IL-1␤ production by the administration of an inhibitor of IL-1␤-converting enzyme and were almost completely abrogated in IL-1 receptor type I knockout mice. These results suggest a causal relationship between IL-1␤ induction and convulsive behavior following Pw vaccination. Significantly, Pa neither increased IL-1␤ nor induced behavioral changes in mice, but did induce the anti-inflammatory cytokine IL-10. In contrast, administration of active pertussis toxin and lipopolysaccharide, residual in Pw but absent from Pa, also induced convulsive activity. Our findings provide the first direct evidence of an immunological basis for pertussis vaccine reactogenicity and suggest that active bacterial toxins are responsible for the neurologic disturbances observed in children immunized with Pw.
Vaccines have probably made the single greatest contribution to human health in the last century and are still the most effective means of combating infectious diseases (1) . However, certain vaccines, notably whole-cell pertussis vaccines (Pw), have been associated with mild to serious side effects. Although Pw are effective at preventing whooping cough in infants, they can induce local and systemic reactions in a high proportion of immunized infants (3, 5, 25) . More significantly, convulsions and encephalopathy have been reported to be temporally associated with Pw administration (2, 3, 5, 20) . Concerns about safety have adversely affected vaccine uptake and have motivated the development of acellular pertussis vaccines (Pa), prepared with highly purified antigens from Bordetella pertussis (8, 9, 25) . These new vaccines, which have considerably reduced side effects, have been introduced into routine pediatric vaccination programs in most developed countries. However, their merits over the traditional vaccines in terms of potency are still being debated (5) , and for reasons of cost and ease of production, Pw will continue to be used in most developing countries. Although it has been speculated that the reactogenicity of Pw may be related to residual active toxins (3), the mechanisms whereby the vaccine mediates neurological effects have not been defined.
Evidence suggests that the systemic effects of local exposure to live or killed bacteria may be mediated through proinflammatory cytokine induction within the central nervous system (CNS). Specifically, interleukin-1␤ (IL-1␤) has been implicated in the neurologic manifestations of infectious diseases such as bacterial meningitis (17) and shigellosis (40) and in the fever response evoked following administration of lipopolysaccharide (LPS) (12) . We have previously demonstrated that infection of mice with B. pertussis (14) or parenteral immunization with Pw (13) results in the induction of IL-1␤ production in the hippocampus and hypothalamus. In the present investigation, we sought to address the hypothesis that neurological responses, specifically convulsive activity, induced by Pw but not by Pa, were mediated by IL-1␤ induced in the brain in response to active bacterial toxins present in Pw.
The lack of an appropriate animal model has restricted investigations into the mechanisms by which neurological reactions are induced by Pw. Although it had been reported that repeated injection of Pw and bovine serum albumin (BSA) induced encephalopathy in mice (33) , it was later demonstrated that the neurological responses observed resulted from the potentiating effect of pertussis toxin (PT) or LPS on anaphylaxis during sensitization to BSA (22, 28) . In this study we describe a novel murine model where neurological changes are consistently induced following parenteral administration of Pw. We report that exposure of mice to high ambient temperature following subcutaneous (s.c.) injection of Pw induces seizure-like behavioral changes, which are associated with a significant augmentation of IL-1␤ induction in the hippocampus. The seizure activity was reduced by pretreatment with an inhibitor of IL-1␤-converting enzyme (ICE) and was significantly attenuated in IL-1 receptor type 1-defective (IL-1RI Ϫ/Ϫ ) mice. Increased IL-1␤ production and convulsive activity were also induced following parenteral injection of PT or LPS but was not observed following immunization with Pa. Our findings demonstrate that IL-1␤, induced in the brain in response to active bacterial toxins residual in Pw, mediates certain neurological effects observed following immunization with Pw.
MATERIALS AND METHODS
Animal treatment. Female BALB/c and C57BL/6 mice were purchased from Harlan (Bicester, Oxon, United Kingdom), and breeding pairs of IL-1RI Ϫ/Ϫ mice were purchased from The Jackson Laboratory, Bar Harbor, Maine. IL-1RI Ϫ/Ϫ mice were homozygous for the targeted mutation in the IL-1 type I receptor gene and had been generated from 129/Sv mice and backcrossed to C57BL/6 (H-2 b ) for five generations (6), prior to importation by The Jackson Laboratory. Mice were bred and maintained under the guidelines of the Irish Department of Health, and studies were approved by the NUI Maynooth Biology Department's Ethics Committee. Mice were 8 to 10 weeks old at the initiation of experiments. Mice were injected s.c. with 0.2 ml of either Pw (4 IU; 88/522; British reference preparation from the National Institute for Biological Standards and Control, Herts, United Kingdom, containing 4 ϫ 10 9 heat-inactivated B. pertussis organisms per IU), Pa, prepared as described elsewhere (15, 18) Detection of fever. BALB/c mice were acclimated to 30°C. Minimeters were implanted into the peritoneal cavity 1 week before s.c. injection of Pw (0.8 U) or PBS. Body temperatures were continuously recorded by a biotelemetry system.
Murine model for B. pertussis-induced convulsive behavior. Mice were injected s.c. with Pw or B. pertussis sonicate and exposed to a temperature of 37°C 2 h after injection. In preliminary experiments, the behavior of mice was observed for 120 min after injection and for 60 min after placing at 37°C. Once the model was established, behavior of mice was observed for a period of 60 min after placing at 37°C. Convulsive behavior of mice was scored blind by observers, who sat in the constant-temperature rooms with mice individually marked and housed six per cage. Reactions ranged from unresponsive and head nodding to myoclonic jerks and clonic seizures. For statistical analysis of behavior, each phase was given a numeric score adapted from that described by Yuhas et al. (40) : 0, unresponsive; 1, head nodding; 2, mild contractions; and 3, clonic seizures. The response of each mouse was scored on the basis of the most severe reaction recorded during the 60-min observation period, and a mean convulsive score was calculated for each test population.
Analysis of cytokine protein. Mice were sacrificed by cervical dislocation, and the hippocampus and hypothalamus were dissected free. Brain tissue was homogenized in 0.25 M Tris-HC1 (pH 7.5), and concentrations of IL-1␤ protein were quantified by specific immunoassay (mouse IL-1␤ Duoset; Genzyme, Cambridge, Mass.). Values were calculated with reference to the standard curve, corrected for protein content and expressed as picograms per milligram of protein.
Expression of cytokine mRNA. Hippocampal and hypothalamic tissue was homogenized in RNA isolation buffer (Genosys Biotechnologies Inc., The Woodlands, Tex.), and total RNA was extracted according to the manufacturer's directions. First-strand cDNA was synthesized from 2 g of total RNA with avian myeloblastosis virus reverse transcriptase and oligo (DT) primer (Life Technologies Ltd., Paisley, United Kingdom). A 5-l aliquot of cDNA was subjected to PCR with primers specific for IL-1␤ (upstream, 5Ј-AAGGAGAACCAAGCAA CGAC-3Ј; downstream, 5Ј-GATTCCATGGTGAAGTCAAT-3Ј) and ␤-actin (Stratagene, La Jolla Calif.). A plasmid containing cDNA to IL-1␤ was used as a positive template for amplification of cytokine mRNA.
Analysis of neurotransmitter release. Synaptosomes, prepared as previously described (24) , were incubated for 15 min at 37°C in oxygenated Krebs solution containing 2 mM CaCl 2 , 3 H-labeled ␥-aminobutyric acid (GABA), and [ 14 C]adenosine (Amersham Pharmacia Biotech UK Ltd., Little Chalfont, Bucks, United Kingdom), aliquoted onto Millipore filters (0.45-m pore size), and rinsed under vacuum. Samples were then incubated at 37°C for 3 min in Krebs solution in the presence or absence of 40 mM KC1. The filtrate was collected into tubes containing scintillation fluid, and labeled neurotransmitter was quantified by scintillation counting. Values for each sample were calculated with reference to total radioactivity at the beginning of the incubation period and expressed as percent counts per minute.
Statistical analysis. Results, expressed as mean Ϯ standard error (SE), were compared by the Mann-Whitney U test. P values less than 0.05 were considered statistically significant.
RESULTS
Induction of fever and IL-1␤ production in the brain following parenteral immunization with Pw. Initially we established an association between immunization with Pw and the development of a febrile response, indicating a central reaction to vaccination. Following s.c. injection of Pw, mean body temperatures of mice were significantly raised at 2 h postvaccination and elevated further at 4 h (Fig. 1A) . The induction of fever with Pw was associated with elevated IL-1␤ production in the brain. We focused specifically on cytokine production within the hypothalamus and hippocampus, regions of the brain associated with control of fever and seizure activity, respectively. In both areas, concentrations of IL-1␤ protein were significantly elevated at 2 h following Pw administration ( Fig.  1B and C) . IL-1␤ returned to basal concentrations at 4 h in the hippocampus but increased further in the hypothalamus, corresponding to the raised body temperature. Accompanying this increase in IL-1␤ protein in both regions was an induction of IL-1␤ mRNA expression, indicating central synthesis of this cytokine by intrinsic brain cells in response to vaccination with Pw ( Fig. 1 D and E) . The marked increase in IL-1␤ observed 2 h before the onset of the peak febrile response suggests a role in the centrally controlled responses induced by systemic administration of Pw. In contrast to the induction of IL-1␤ by Pw, proinflammatory cytokine production was not significantly induced following immunization with Pa ( Fig. 1B to E) . Conversely, the anti-inflammatory cytokine IL-10 was significantly elevated in the hippocampus 4 h after parenteral injection of Pa (260 Ϯ 9.6 pg/ml for Pa versus 100 Ϯ 3.9 pg/ml for PBS-or Pw-injected mice).
A new murine model for neurological responses to pertussis vaccines. Having established that Pw induced IL-1␤ production in the brain (13) , together with the knowledge that IL-1␤ is associated with seizure activity (4, 36), we set out to establish a model of neurological responses to pertussis vaccination by manipulating the early central response to Pw. In a series of preliminary experiments we observed that exposure of mice to a high ambient temperature enhanced the fever response to vaccination. We then examined the behavior of mice housed at 30 to 37°C either before or after injection of B. pertussis sonicate. When mice were injected with B. pertussis sonicate (from 10 10 bacteria with an LPS content of 22 g) and placed at 37°C, full clonic seizures were observed in 100% of animals (data not shown). Parenteral immunization with Pw and exposure to a temperature of 37°C 2 h after vaccination, the time at which IL-1␤ production was at a peak, induced behavioral changes ranging from head nodding to myoclonic jerks. While administration of Pw at room temperature itself induced mild behavioral changes, exposure to 37°C significantly enhanced the effect ( Fig. 2A ; P Ͻ 0.05). Commercially available alumadsorbed Pw also induced behavioral changes similar to those observed with the reference vaccine (data not shown).
Pw but not Pa induces seizure activity, which is mimicked by bacterial toxins and is associated with elevated IL-1␤ production in the hippocampus. It has previously been suggested that the neurological side effects of Pw may be related to residual active bacterial toxins, especially PT and LPS (3), and we have previously reported that both of these toxins induce IL-1␤ production in the hippocampus (13) . Here we demonstrate that PT, LPS, or both toxins, given s.c. 2 h prior to exposure to 37°C, induced convulsive behavior with a mean score similar to that observed with Pw and significantly greater than that induced by PBS (P Ͻ 0.05) (Fig. 2C) . In contrast, exposure to 37°C alone or after injection of Pa did not induce behavioral changes (Fig. 2A) .
While vaccination alone induced IL-1␤ production in the hippocampus, exposure to 37°C 2 h after administration of Pw resulted in a significantly greater (P Ͻ 0.01) elevation of IL-1␤ concentration (Fig. 2B) . This correlates tightly with the intensity of the seizure activity observed in the same mice. In contrast, Pa-and PBS-treated mice, both of which demonstrated minimal behavioral changes ( Fig. 2A) , produced negligible increases in IL-1␤ concentration in the hippocampus (Fig. 2B) .
IL-1␤ mediates the convulsive activity of Pw. To provide definitive evidence of a role for IL-1␤ in the neurological responses to Pw, we examined the effect of an ICE inhibitor in vivo and the responses to Pw in IL-1RI Ϫ/Ϫ mice. Pretreatment of BALB/c mice with the ICE inhibitor 30 min before s.c. vaccination with Pw significantly decreased the concentration of IL-1␤ in the hippocampus, and this correlated with a reduced convulsive response (Fig. 3) . Treatment with an ICE inhibitor alone, without vaccination, had no effect (data not shown). Although ICE was originally identified as an IL-1-specific protease, it is also essential for the conversion of IL-18 to its active form. Therefore, we confirmed the role of IL-1␤ using IL-1RI Ϫ/Ϫ mice, in which all IL-1-mediated signaling events are abrogated. The seizure response to Pw was abrogated or significantly reduced in IL-1RI Ϫ/Ϫ mice (Fig. 3C ). Pw immunization inhibits neurotransmitter release. To investigate the possibility that IL-1␤, synthesized in the CNS in response to Pw, might alter neuronal excitability and therefore induce convulsive behavior, we analyzed release of the neurotransmitters GABA and adenosine in hippocampal synaptosomes prepared from Pw-treated mice. Analysis of neurotransmitter release revealed similar levels of unstimulated release in synaptosomes prepared from all groups of mice (Fig. 4) . However, following administration of Pw, KC1-evoked release of GABA and adenosine was reduced compared with Pa-vaccinated mice. More importantly, in mice with the highest concentrations of hippocampal IL-1␤ (Pw/37), release of both adenosine and GABA was significantly inhibited. 
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DISCUSSION
Respiratory infection of children with B. pertussis has been associated with mild to severe neurological responses, including, fever, convulsions, and in a small but significant number of cases, encephalitis, encephalopathy, permanent brain damage, and death. Centrally controlled responses, including fevers and seizures, are also detected at a relatively high frequency following parenteral immunization with Pw, and although controversial, there is also evidence of the more severe CNS complications in a small proportion of vaccinated children (2, 3, 5, 20) . It has been suggested that active toxins, produced by the bacteria during infection or present in the Pw, may be responsible for the neurological responses (3, 32) ; however, the mechanisms underlying these centrally controlled clinical manifestations of the infection and reactogenicity of the vaccine are poorly understood. The present report details a murine model in which neuronal responses were consistently induced by pertussis vaccination. The most significant and novel finding of our study is that certain neurological effects of pertussis whole-cell vaccines are mediated through the induction of IL-1␤ production in the brain in response to active bacterial toxins present in the vaccine.
Previous animal models designed to study the neurological responses to pertussis vaccine focused on an encephalopathic syndrome in mice generated by the administration of BSA and Pw (33) . However, data from a number of groups indicate that the protocol induced an acute anaphylactic reaction and did not cause an encephalopathy (22, 28) . The model was therefore deemed unsuitable for testing the encephalopathic potential of pertussis vaccines. In this study we sought to develop an alternative murine model, in which it was possible to consistently induce neurological responses to Pw. The majority of children displaying a seizure response to Pw have documented high temperatures. Indeed, a typical presentation of pertussis vaccine-induced encephalopathy is that of a generalized seizure frequently associated with a high fever within 48 h of pertussis vaccination (2, 3) . Furthermore, prophylactic acet- Ϫ/Ϫ mice. Mice were injected intraperitoneally with 0.33 M ICE inhibitor peptide (ICE Inh.) Ac-YVAD-CMK before s.c. administration of Pw. Two hours later, mice were placed at 37°C, and behavioral activity recorded for a further hour (A). Mice were sacrificed, and hippocampal IL-1␤ protein concentrations were determined by immunoassay (B). IL-1RI Ϫ/Ϫ (IL-1R1) and wild-type C57BL/6 (C57) mice were injected s.c. with Pw and placed at 37°C 2 h later, and behavioral activity recorded for a further hour (C). Results are mean (SE) values for six mice in each group. ‫ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01, Pw versus ICE inhibitor plus Pw or IL-1RI Ϫ/Ϫ versus C57BL/6 wild-type mice.
aminophen administration reduces the frequency and severity of adverse reactions following primary vaccination with DTPw (11). Therefore, our initial investigations focused on the fever response to vaccination in mice. We observed that core body temperatures were significantly elevated 2 to 4 h after injection of Pw. This was accompanied by an increase in the production of IL-1␤ in the hippocampus and hypothalamus, detectable at the protein and mRNA levels. This is consistent with the established role for IL-1␤ in the fever response to LPS and in gram-negative and other infections (12, 30, 40) . Having demonstrated a temporal relationship between IL-1␤ and induction of fever, we hypothesized that there may also be a correlation between IL-1␤ and convulsive behavior induced by Pw vaccination, a hypothesis supported by an association between elevated IL-1␤ in the CNS and the pathogenesis of febrile convulsions in children (10) and chemically induced seizures in mice (4, 36, 40) . Our rationale in establishing a model to study neurological responses to vaccination was to manipulate the early central response to Pw, by increasing core temperature and therefore exacerbating IL-1␤ production to a level that might induce seizure activity. We observed that placing the mice at high ambient temperature after injection of B. pertussis sonicate or Pw induced behavioral changes ranging from head nodding to full clonic seizures.
Although there may be a number of possible mechanisms underlying the enhanced seizure-like activity following exposure of Pw-immunized mice to a high ambient temperature, our data indicate that it may reflect a synergistic effect of the heat stress response on IL-1␤ production. The convulsive activity was associated with IL-1␤ concentrations in the hippocampus which was significantly elevated compared with that in the mice injected with Pw and left at room temperature. Neurologic disorders, including seizures, have been described during cancer therapy with IL-1␤ (29) . Furthermore, elevated IL-1␤ has been linked with the seizure responses to glycerol (4), pentylenetetrazole, and Shigella dysenteriae (40) , and intrahippocampal administration of IL-1 receptor antagonist was found to inhibit electroencephalographic seizures induced by bicuculline methiodide in mice (36) . In the present study, definitive evidence of a role for IL-1␤ in the convulsive activity of Pw was provided by the demonstration that behavioral changes were significantly reduced by in vivo administration of an ICE inhibitor or in IL-1RI Ϫ/Ϫ mice. Although the stimulus for IL-1␤ induction in the brain following parenteral injection with Pw has not been definitively identified, our findings suggest a role for bacterial toxins. It has been reported that LPS and PT are present in Pw (32) . Indeed, we were able to detect these active toxins in the reference vaccine used for this study. Removal of active PT and LPS through deletion or mutations in the genes coding for these toxins (16, 26) may provide safer Pw. However, we do not rule out a role for other active bacterial toxins or virulence factors in IL-1 induction and neurological effects of Pw. In contrast, Pa are prepared with highly purified B. pertussis proteins, and although they include PT as a protective antigen in a chemically or genetically detoxified form, they are free of active bacterial toxins. Compared with Pw, these new vaccines are associated with significantly fewer adverse reactions, such as high fevers and convulsions (3, 5, 8, 9) . We observed that Pa did not induce IL-1␤ but did induce IL-10 production in the hippocampus of immunized mice. This is consistent with our observations that Pw selectively induce systemic Th1 cells and pro-inflammatory responses, whereas Pa or their purified components induce Th2 cells and anti-inflammatory cytokine production (15, 18, 19, 21, 31) . Significantly, these new generation Pa do not induce behavioral changes in mice. Direct evidence of the primary role of active bacterial toxins in inducing the effects of Pw was provided by our demonstration that PT or LPS given s.c. prior to exposure to 37°C induced convulsive behavior in mice. We have already reported that PT and LPS, like Pw, induce IL-1␤ production and c-Jun-N-terminal kinase (JNK) activation in the hippocampus (13) .
IL-1␤ and tumor necrosis factor alpha induction has been detected at the protein and mRNA levels in the hypothalamus and hippocampus of mice during infection with B. pertussis (14) . Since the expression is more persistent in the brain than in the lungs or circulation, it was concluded that the production is induced locally in the brain, by either activated macrophages, bacterial toxins, or other mediators that have crossed the blood-brain barrier. Significantly, it has been suggested that PT may enhance histamine-induced vascular permeability (39) . The demonstration of antibodies to PT and filamentous hemagglutinin in the cerebrospinal fluid of a child with pertussis has been used as evidence to support the suggestion that pertussis antigens may gain entry to the CNS during infection (7) . It has also been reported that another AB toxin, cholera toxin, can be transported to the brain and can enhance trafficking of third party antigens to neural tissue following nasal delivery in mice (35) .
There are several possible pathways by which IL-1␤ can affect brain function. Some reports suggest that behavioral changes are mediated by cytokines produced in the periphery, which stimulate the CNS through afferent nerves (38) . However, there is increasing evidence that cytokines, including IL-1␤, are synthesized by glial and neuronal cells during inflammation, suggesting a pathophysiological role for IL-1␤ in the brain (30) . In support of this, several studies have demonstrated that IL-1␤ can affect neuroendocrine functions and modulate release of neurotransmitters (34, 37) . To investigate the possibility that IL-1␤, synthesized in the CNS in response to Pw, might alter neuronal excitability and therefore induce convulsive behavior, we demonstrated an inhibition of release of the neurotransmitters GABA and adenosine by hippocampal synaptosomes from Pw-treated mice. Modulation of these neurotransmitters has been reported during epilepsy and febrile convulsions in children (27) . A significant correlation was reported between seizure excitability and low concentrations of GABA in cerebrospinal fluid. It is possible that this decrease in inhibitory transmitter release occurs as a direct result of increased IL-1␤ in response to Pw vaccination. Indeed, it has been reported that IL-1␤ has the potential to exert an inhibitory effect on neurotransmitter release and synaptic plasticity (23, 37) .
Although we do not rule out a role for other inflammatory mediators, including tumor necrosis factor alpha or IL-6, our results demonstrate that the neurological response to Pw is dependent on the central production of IL-1␤, which may exert its effect via the modulation of inhibitory neurotransmission. To our knowledge, this is the first time a causal relationship between Pw vaccination and neuronal responses has been demonstrated in an animal model. Our findings provide the first direct evidence of a mechanism of pertussis vaccine reactogenicity and suggest that active bacterial toxins are responsible for the neurologic reactions observed in children immunized with Pw.
